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Bacteria belonging to the “Burkholderia cepacia complex” (Bcc) often cause fatal pulmonary infections in
cystic fibrosis patients, yet little is know about the underlying molecular mechanisms. These Gram-negative
bacteria can adopt an intracellular lifestyle, although their ability to replicate intracellularly has been difficult
to demonstrate. Here we show that Bcc bacteria survive and multiply in macrophages of zebrafish embryos.
Local dissemination by nonlytic release from infected cells was followed by bacteremia and extracellular
replication. Burkholderia cenocepacia isolates belonging to the epidemic electrophoretic type 12 (ET12) lineage
were highly virulent for the embryos; intravenous injection of <10 bacteria of strain K56-2 killed embryos
within 3 days. However, small but significant differences between the clonal ET12 isolates K56-2, J2315, and
BC7 were evident. In addition, the innate immune response in young embryos was sufficiently developed to
control infection with other less virulent Bcc strains, such as Burkholderia vietnamiensis FC441 and Burkhold-
eria stabilis LMG14294. A K56-2 cepR quorum-sensing regulator mutant was highly attenuated, and its ability
to replicate and spread to neighboring cells was greatly reduced. Our data indicate that the zebrafish embryo
is an excellent vertebrate model to dissect the molecular basis of intracellular replication and the early innate
immune responses in this intricate host-pathogen interaction.

In the 1980s, bacteria belonging to the “Burkholderia cepacia
complex” (Bcc) emerged as opportunistic pathogens in immu-
nocompromised patients, particularly patients with cystic fibro-
sis (CF) and chronic granulomatous disease (CGD) (42, 60).
Formerly classified into genomovars, Bcc bacteria are now
grouped in 17 species (25), all of which have been found in CF
patients. Although Pseudomonas aeruginosa is the most com-
mon CF pathogen, Bcc infections are associated with poorer
clinical prognosis, with Burkholderia cenocepacia and Burk-
holderia multivorans being the most prevalent species. After an
unpredictable period of colonization, the bacteria can cause
acute, fatal necrotizing pneumonia and septicemia, known as
“cepacia syndrome,” in a some colonized patients (20, 60). The
intrinsic multiple resistance of Bcc to antibiotics makes it very
difficult to treat. Several epidemic outbreaks have resulted
from the rapid spread of certain strains of B. cenocepacia that
were highly transmissible between CF patients through both
hospital and social contacts (19, 69), and the best-described
outbreaks were caused by members of the electrophoretic type
12 (ET12) lineage identified in Canadian and United Kingdom
CF populations in the late 1980s (20, 29).

Over the past decade much progress has been made in
understanding the epidemiology of clinical infections (42), and

information concerning the pathogenesis and genetics of viru-
lence has begun to provide clues about how Bcc causes disease.
Although several virulence factors, including hemolysin, pro-
teases, siderophores, lipopolysaccharide, flagella, cable pili, a
type III secretion system, catalases, superoxide dismutase, and
quorum sensing, have been identified (for a review, see refer-
ence 45), the molecular mechanisms of this disease are still
largely unknown. Important questions are how the bacteria
evade host immune responses, how they persist, what triggers
the often fatal septicemia, what the bacterial intracellular sur-
vival strategy is, and how the bacteria disseminate.

B. cenocepacia has been detected inside airway and alveolar
epithelial cells, macrophages, and neutrophils in the lungs of
CF patients (62, 72) and has been documented to be present
intracellularly in murine models (8, 63, 72). Using cell culture
infection models, it was shown that B. cenocepacia can invade
and survive in both professional and nonprofessional phago-
cytes, as well as in amoebae (4, 46, 47, 61), by actively inter-
fering with phagosome maturation (35) and delaying phago-
some acidification (34). Recently, it was shown that the delay
in acidification and phagolysosomal fusion is more compro-
mised in cystic fibrosis transmembrane conductance regulator
(CFTR)-negative macrophages (36) and that assembly of the
NADPH-oxidase complex at the phagosomal membrane is
compromised in B. cenocepacia-infected macrophages, which
is also further delayed by inhibition of the CFTR (30). The
ability of B. cenocepacia to invade and survive intracellularly as
well as its ability to resist toxicity by reactive oxygen species in
highly inflamed lungs (37) has been proposed to contribute
significantly to its pathogenesis. However, the key question of
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whether B. cenocepacia can replicate intracellularly has been
difficult to answer conclusively due to the intrinsic antibiotic
resistance of this organism, which complicates the use of clas-
sical gentamicin protection assays (35). Colocalization with
cellular markers in infected bronchial epithelial cells suggested
that B. cenocepacia replicates inside endoplasmic reticulum-
derived vacuoles (65). However, studies of the cell biology of
Bcc infection are lagging far behind research on intracellular
pathogens such as Legionella pneumophila (28) and Brucella
(7), and new research tools are indispensable for increasing
our knowledge of the cellular biology of infection by this group
of important pathogens.

To address the complexity of chronic respiratory infections,
a number of mammalian infection models, such as the rat agar
bead and mouse cftr�/� models, have been developed (9, 63,
70, 74). Alternative nonvertebrate animal models, such as Cae-
norhabditis elegans, have been developed to study Bcc virulence
(6, 32), and recently larvae of the wax moth were shown to be
valuable for examining Bcc virulence (67). Nematode models
have been instrumental in identifying bacterial virulence fac-
tors and showing fundamental conservation of virulence mech-
anisms for infection of evolutionarily divergent hosts with, for
instance, P. aeruginosa (41). The invertebrate immune system,
however, shows many differences from the immune system of
humans, and other models are needed to address specific ques-
tions related to the innate immune response to a specific
pathogen in great detail. The ability to mount an effective
adaptive immune response, involvement of the complement
system, and development of complex hematopoietic cell lin-
eages are restricted to vertebrates.

Originally established as a powerful model for developmen-
tal biology and human genetics, the zebrafish (Danio rerio) has
emerged as a remarkably good nonmammalian vertebrate
model to study development of the immune system and infec-
tious diseases (48, 76–78, 80). A growing number of both

Gram-positive and Gram-negative bacteria, including both
natural pathogens of fish and true human pathogens, have
been found to infect zebrafish (3, 10, 56, 76, 83). The zebrafish
has many useful features as a model system, and the number of
available cellular, molecular, and genetic tools, such as forward
and reverse genetic screens and antisense techniques using
morpholinos, is rapidly increasing. Importantly, proteins with
significant homology to major factors in inflammation in hu-
mans, such as Toll-like receptors (TLR), the complement sys-
tem, proinflammatory cytokines, acute-phase response pro-
teins, and counterparts of the mammalian viral and bacterial
interferon-dependent defense functions, are present in fish (2,
40, 49, 68, 75, 82). Whereas an adaptive immune system de-
velops at later stages during development, an innate immune
system resembling that of mammals is already developing in
young embryos (13, 23, 33, 38).

In this study, we exploited the transparency of the zebrafish
embryo to visualize Bcc infections in real time. We show here
that several Bcc species are highly virulent by establishing an
intracellular replication niche in macrophages, followed by dis-
semination and bacteremia. In addition, a cepR quorum-sens-
ing mutant was attenuated, and we observed differences in
virulence between strains obtained from a panel of Bcc clinical
isolates.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are described in Table 1. These strains include clinical isolates belonging to
several species from a panel of well-characterized Bcc strains (44). Escherichia
coli and Bcc strains were cultured at 37°C in Luria-Bertani (LB) broth. Bcc and
E. coli strains carrying plasmids pIN25, pIN29, or pIN62 (Table 1; see supple-
mental text and Fig. S1 in the supplemental material) were grown in the presence
of 100 �g ml�1 and 30 �g ml�1 chloramphenicol, respectively. For selection with
trimethoprim, concentrations of 250 �g ml�1 and 1,500 �g ml�1 were used,
whereas plasmids encoding a tetracycline resistance cassette were selected using
250 �g ml�1 and 10 �g ml�1, respectively.

TABLE 1. Bcc strains and mutants and plasmids used in this study

Species or plasmid Isolate Descriptiona Source Reference

Species
E. coli DH5� �80lacZ�M15 �lacU169 endA1 recA1 hsdR17 supE44 thi-

1 gyrA96 relA1
B. cenocepacia K56-2 (� LMG18863) ET12, Toronto, Canada, CF C. Mohr 14

J2315 (� LMG16656) ET12 index strain, Edinburgh, UK, CF J. Govan 19
BC7 (� LMG18826) ET12, Toronto, Canada, CF BCCM/LMG 64
J415 (� LMG16654) Not associated with patient-to-patient spread, CF BCCM/LMG 18
K56-2 R2 cepR mutant P. Sokol 39
K56-2 R2(pSLR100) Complemented cepR mutant containing plasmid pSLR100 P. Sokol 39

B. stabilis LMG14294 Belgian CF patient, stable condition; detected in one
other patient

BCCM/LMG 58

B. vietnamiensis FC441 (� LMG18836) 9-year-old boy with X-linked recessive CGD who survived
septicemia

BCCM/LMG 44

B. cepacia CEP509 (� LMG18821) CF patient, Sydney, Australia; recovered from three
other patients

BCCM/LMG 44

Plasmids
pIN25 oripBBR �mob, Cmr, GFP This study
pIN29 oripBBR �mob, Cmr, DSRed This study
pIN62 oripBBR mob�, Cmr, DSRed This study
pIN63 oripBBR mob�, Tpr, DSRed This study
pIN72 oripBBR mob�, Tetr, DSRed This study

a CF, cystic fibrosis patient; CGD, chronic granulomatous disease; Cmr, chloramphenicol resistance; Tpr, trimethoprim resistance; Tetr, tetracycline resistance; �mob,
mobilization deficient.
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Zebrafish care and maintenance. Mixed male and female populations of
zebrafish (D. rerio) variety Gold (purchased from Antinea SARL, Montpellier,
France) or transgenic Tg(mpx::eGFP)i114 zebrafish (AB strain) (57) were kept in
35-liter tanks containing conditioned water at 27°C (53). The Gold variety lacks
strong pigment, and therefore the use of melanization inhibitors was not neces-
sary. The animals were handled according to national regulations for animal
welfare. A light cycle consisting of 10 h of darkness and 14 h of light was used.
Embryos were obtained by natural spawning in 2-liter breeding tanks (Tecniplast,
France) that were placed in the fish tanks the evening before spawning, and they
were raised at 28°C in E3 egg water (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2,
0.33 mM MgSO4, 0.00005% methylene blue) (53). The ages of the embryos are
expressed in hours postfertilization (hpf).

Microinjection of bacteria into zebrafish embryos. Microinjection was per-
formed basically as described by van der Sar et al. (81), with a few modifications.
Briefly, bacteria expressing DSRed or green fluorescent protein (GFP) were
grown overnight in LB broth with appropriate antibiotics. Bacteria were col-
lected by centrifugation at 3,000 � g for 2 min and resuspended in phosphate-
buffered saline (PBS) (Gibco). Bacterial dilutions (generally 50 bacteria/nl) were
prepared in PBS (with 0.05% phenol red to visualize microinjection). Embryos
were dechorionated and anesthetized in E3 medium containing 0.02% buffered
MS222 (tricaine; ethyl-3-aminobenzoate methanesulfonate salt; Sigma). Micro-
injection of bacteria into embryos, staged between 28 and 32 hpf, was performed
with a Femtojet microinjector (Eppendorf) and a micromanipulator with pulled
microcapillary pipettes using a stereo light microscope (Leica MS5). A 0.5- to
1-nl portion of a bacterial suspension was injected directly into the blood circu-
lation of each embryo, either in the blood island or in the axial vein. In initial
experiments we determined the inoculum size by direct microinjection onto agar
plates. However, we found that plating 5 embryos individually (see below) im-
mediately after microinjection (zero time) resulted in more accurate determina-
tion of the numbers of CFU actually injected. To follow infection kinetics,
inoculated embryos were incubated individually in E3 medium in 24-well plates
at 28°C and sampled at later stages during infection. Five embryos were collected
at each time point, generally 2, 24, and 48 h postinfection (hpi), and individually
treated for bacterial enumeration. Each embryo was rinsed in 1� PBS, anesthe-
tized in tricaine, and transferred to a 1.5-ml Eppendorf tube in 50 �l (total
volume) of tissue-culture-grade trypsin-EDTA. The embryos were disrupted by
vigorous pipetting (40 times) with a yellow tip. Next, 50 �l 2% Triton X-100 was
added, and the preparations were incubated for 20 min at room temperature,
which was followed by additional homogenization by pipetting (20 times). De-
pending on the expected numbers of bacteria (visualized by fluorescence micros-
copy), the complete mixture was plated on LB agar plates containing 100 mg/liter
chloramphenicol or serial dilutions were prepared in PBS and plated as 10-�l
droplets, essentially as described by Miles and Misra (51). The trypsin-EDTA
and Triton X-100 treatments did not affect bacterial viability.

For survival assays, embryos were similarly microinjected and maintained
individually in 24-well plates in E3 medium at 28°C. At regular time points after
infection, the number of dead embryos was determined visually based on the
absence of a heartbeat.

Statistical analysis. The number of CFU per time point for each strain was
expressed as the geometric mean 	 standard error of the mean for five individ-
ually plated embryos. Experiments were performed at least three times, unless
stated otherwise. Student’s t test (with two-tailed distribution and equal variance)
was performed to determine whether the results for two strains were significantly
different (P 
 0.05).

Microscopic analysis. A Leica DM IRB inverted microscope equipped for
bright-field, differential interference contrast (DIC), and fluorescence imaging
was used. GFP and DSRed were excited using a 100-W mercury lamp, and
fluorescence was detected using filter sets L5 (band pass [BP] 480/40; beam
splitter [BS] 505; emission BP527/30) and N2.1 (515 to 560; BS 580; emission
long pass [LP] 590), respectively. For imaging we used a Coolsnap fx (Roper
Scientifique) and MetaVue software, and images were processed further using
Adobe Photoshop. Embryos were transferred to E3 containing MS222 in glass-
bottom dishes (MatTek Corp., Ashland, MA) for direct visualization using 40�,
63� and 100� oil immersion objectives.

FISH with combined immunodetection of B. cenocepacia. We used the method
described by Meijer et al. (50) for combined detection of bacteria and detection
of expression of the myeloid-cell-specific marker genes csf1R (macrophages) and
mpx (neutrophils) by fluorescence in situ hybridization (FISH), based on proto-
cols developed previously by Clay and Ramakrishnan (12) and Welten et al. (84).
Digoxigenin (DIG)-labeled riboprobes for csf1R (CD759443) and mpx
(BC056287) (both sense and antisense) were prepared using primers and meth-
ods described by Meijer et al. (50) and an in vitro transcription kit obtained from

Ambion. Specific details concerning the method and minor differences from
previously described protocols are described below.

For FISH, approximately 500 CFU of B. cenocepacia was microinjected into
K56-2 embryos. Infected embryos were collected at 5 hpi and 24 hpi and fixed in
4% paraformaldehyde (PFA) in PBS at 4°C overnight. After dehydration of the
embryos in methanol and subsequent rehydration, treatment with proteinase K
(10 �g ml�1) for 20 min was performed at room temperature. For hybridization
we used a probe concentration of 200 to 1,000 ng ml�1 and a hybridization
temperature of 66°C. For specific detection we incubated the embryos in a
1:2,000 dilution of horseradish peroxidase-conjugated anti-DIG Fab fragments
(Roche) in blocking solution (BS) (1% Western blocking solution [Roche] in
PBS with 0.1% Tween 20 [PBST]) overnight at 4°C, which was followed by TSA
Plus Cy3 (Perkin Elmer) signal amplification treatment for 20 min. To continue
immune detection of bacteria, embryos were incubated twice for 30 min in 6%
hydrogen peroxide in PBST before they were incubated for 2 h in BS. Embryos
were incubated in B. cenocepacia rabbit antiserum (1:500 dilution in BS), kindly
provided by Holger Scholz (Munich, Germany), and this was followed by detec-
tion with a 1:1,000 dilution of Alexa Fluor 488 goat anti-rabbit IgG (Molecular
Probes) in BS.

RESULTS

Construction of highly fluorescent bacterial strains for real-
time analysis. For optimal visualization of Bcc strains by flu-
orescence microscopy after infection of translucent zebrafish
embryos, we created a series of mobilizable and nonmobiliz-
able pBBR-derived plasmids (Table 1; see supplemental text
and Fig. S1 in the supplemental material) with a range of
selectable marker genes (chloramphenicol, tetracycline, and
trimethoprim resistance genes) that expressed DSred or GFP
at high levels under control of a strong constitutive tac pro-
moter sequence. In the absence of antibiotic selection, the
plasmids remained stable for more than 3 days after microin-
jection of Bcc into the embryos (data not shown).

Zebrafish embryos are extremely sensitive to B. cenocepacia
ET12 strains, but differences between clonal isolates can be
seen. To determine the levels of virulence of B. cenocepacia in
young (28 to 32 hpf) zebrafish embryos, we microinjected red
fluorescent bacteria of ET12 lineage strains K56-2 and J2315,
which are known to be highly virulent in other infection models
(1, 6, 67), directly into the bloodstream (Fig. 1A). The infec-
tion was followed by determination of embryo mortality, anal-
ysis of the progression of infection in real time by fluorescence
microscopy, and determination of the bacterial load by plating
infected embryos. Both B. cenocepacia strains were highly vir-
ulent for the young embryos. In contrast to E. coli or heat-
killed B. cenocepacia, which did not kill embryos (data not
shown), live K56-2 or J2315 killed embryos between 2 and 4
days after infection (Fig. 1C). Virulence was confirmed by
quantitative plating assays (Fig. 1B). E. coli was not virulent for
zebrafish embryos and was phagocytosed and killed within 4 to
5 h after injection (23); however, as few as 5 microinjected
CFU of K56-2 were sufficient to establish a virulent infection
with growth kinetics similar to those seen in embryos infected
with a higher dose (Fig. 1B, compare K56-2 LD and K56-2)
and to kill embryos within 3 days (not shown).

Interestingly, the bacterial growth kinetics (Fig. 1B) and the
time of onset of mortality (Fig. 1C) suggested that K56-2 was
more virulent than J2315, even though these are clonal iso-
lates. In a total of 8 experiments, we showed that K56-2 was
significantly more virulent than J2315 (see Fig. S2 in the sup-
plemental material). Between 2 and 48 hpi, the average in-
crease in the number of CFU for K56-2 was 4,000-fold, while
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the increase for J2315 was only 250-fold (see Fig. S2C in the
supplemental material). The animal-to-animal variation for
K56-2-infected fish was very small both within an experiment
(Fig. 1B) and between experiments (see Fig. S2A in the sup-
plemental material); however, much greater variation was seen
for J2315 (see Fig. S2B in the supplemental material). In ad-
dition, a more variable time to death for J2315-infected em-
bryos was observed (data not shown), suggesting that the out-
come of infection with J2315 is more unpredictable. The
greater virulence of K56-2 than of J2315 was also evident when
fish were inoculated with very low doses (8 and 6 CFU, respec-
tively [see Fig. S2A and B in the supplemental material]), as
the disease caused by a few bacteria was more severe when
K56-2 was used.

After all bacteria had been phagocytosed in the hours fol-
lowing microinjection, both strains slowly reentered the blood
circulation at about 18 hpi (see below for details). During later
stages of the infection (�40 hpi) we observed formation of
extracellular bacterial aggregates, possibly biofilms, in the
blood vessels of about 50% of the J2315-infected embryos by
fluorescence microscopy, and these aggregates often clearly
marked large parts of the vascular system in the final stages of
infection (Fig. 1F). K56-2 was still circulating freely in the
bloodstream with only minor formation of bacterial aggregates
in the vessels at the time of death (Fig. 1E), but it killed the
embryos much more rapidly than J2315 killed the embryos (48
hpi versus 72 hpi), possibly by inducing a greater inflammatory
response.

Zebrafish embryos can control infection with a less virulent
B. cenocepacia strain. Next we analyzed whether the virulence
observed with K56-2 and J2315 was specific for ET12 lineage
strains (Bcc subgroup IIIA) or whether the young embryos
were highly sensitive to infection with any B. cenocepacia
strain. Therefore, we tested the virulence of another ET12
lineage strain, BC7, and of B. cenocepacia strain J415 (sub-
group IIIB strain [Eshwar Mahenthiralingam, personal com-
munication]) that was isolated from a single patient and was
not associated with patient-to-patient spread. In infection as-
says, BC7 differed significantly from K56-2, but it was not
significantly more or less virulent than J2315 (Fig. 1C and D).
Interestingly, during later stages of infection, BC7 formed bac-
terial aggregates in the veins similar to those observed with
J2315 (Fig. 1F and data not shown), showing that clonal iso-
lates BC7 and J2315 behave similarly and have pathogenic
traits distinct from those of K56-2. J415 was not very virulent
for zebrafish embryos with the infection doses used in this

study, and although injected bacteria could resist killing by the
host and persist in the fish for longer time periods, most em-
bryos could clear the infection (Fig. 1C and D). Differences in
the in vitro growth rates did not match the observed differences
between the strains in the embryo model (data not shown),
indicating that differences in virulence between the strains are
due to variation in virulence factors and not the growth rate.
The findings obtained with BC7 confirm that B. cenocepacia
strains belonging to the ET12 lineage are highly virulent for
young zebrafish embryos. However, the innate immune system
of these embryos was sufficiently developed to control infection
with B. cenocepacia J415.

Different Bcc strains show distinct levels of virulence in
zebrafish embryos. To investigate whether the zebrafish em-
bryo model also reflects differences in virulence between dif-
ferent Bcc species, we compared B. cepacia strain CEP509,
Burkholderia stabilis LMG14294, and Burkholderia vietnamien-
sis FC441 with B. cenocepacia K56-2 in bacterial replication
and survival assays. As shown in Fig. 2A, K56-2 was still the
most virulent strain, producing significantly greater bacterial
loads. However, CEP509 was also highly virulent and multi-
plied to produce levels significantly higher than those of FC441
or LMG14294. The difference was less pronounced when very
small inocula were used for CEP509 (
15 CFU) (data not
shown). LMG14294 and FC411 did not differ significantly (P 

0.05) in several independent experiments, and although these
strains were not very virulent, they were not eradicated by the
host’s immune system and were able to survive within the fish
for longer periods of time.

The differences in bacterial growth kinetics were reflected in
the results of survival assays; embryos infected with K56-2 died
reproducibly earlier than embryos infected with CEP509 (Fig.
2B), whereas LMG14294 and FC441 were still unable to cause
a lethal infection at 8 days postinfection (dpi), the last time
point analyzed. After infection with LMG14294 and FC441, at
5 days postinfection about 20% of the embryos had completely
cleared the invading pathogen, whereas 20% and 5% of the
embryos, respectively, were heavily infected (but still alive).
Microscopic analysis showed that the other infected embryos
all contained between 1 and 10 infected cells at this stage.
Interestingly, the heavily infected embryos were still alive at 8
dpi, and even though in some embryos bacteria were able to
replicate intracellularly and spread (see below for details of
infection at the cellular level), the bacteria had not reentered
the blood circulation, after they were phagocytosed rapidly

FIG. 1. B. cenocepacia ET12 lineage strains, but not J415, are highly virulent for zebrafish embryos. (A) Drawing of zebrafish embryo 30 hpf.
The site of microinjection in the blood island is indicated. Scale bar, 100 �m. (B) Bacterial multiplication in embryos microinjected with K56-2
and J2315. The data are geometric means 	 standard errors of the means (n � 5). The mean sizes of the inoculum for each embryo were 143 CFU
(K56-2) and 4 CFU (K56-2 LD) for K56-2 and 117 CFU for J2315. J2315 and K56-2 differed significantly from each other in growth kinetics at
24 and 48 hpi (P � 0.0081 and P � 0.0067, Student’s t test). The standard errors of the means at 24 hpi and 48 hpi were reproducibly less for K56-2
than for J2315 (for K56-2, 4.06 	 0.03 and 5.54 	 0.13 log CFU; for J2315, 2.94 	 0.32 and 4.20 	 0.27 log CFU). (C and D) Results of experiments
in which embryos were inoculated with B. cenocepacia strains BC7 (45 CFU), J415 (72 CFU), J2315 (60 CFU), and K56-2 (126 CFU). (C) Survival
following injection of different strains (n � 20 for each strain). (D) Bacterial multiplication within embryos. The data are geometric means 	
standard errors of the means (n � 5). In this experiment the results for BC7 differed significantly from the results for K56-2 and J415 at 24 hpi
(P � 0.00076 and P � 0.0051, respectively) and at 48 hpi (P � 0.008 and P � 1.5 � 10�5, respectively), and the results for J2315 and K56-2 differed
significantly at 48 hpi (P � 0.003) but not at 24 hpi (P � 0.14). (E and F) Fluorescent images of embryos microinjected with K56-2 (E) and J2315
(F) expressing DSRed at 46 hpi and 68 hpi, respectively. The images show the final stages of infection. The arrowhead and arrow in panel F indicate
bacterial aggregate formation in the intersegmental vessels in the tail. Scale bar, 300 �m.
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after microinjection, to cause a bacteremic infection (not
shown).

B. cenocepacia replicates intracellularly, which is followed by
dissemination and bacteremia. To dissect the course of the
infection of zebrafish embryos by B. cenocepacia, we first ex-
amined the kinetics of K56-2 infection in more detail during
the early stages of infection. Embryos were sampled in one
experiment at 0, 1, 2, 4, 5, 6, 18, 24, 30, 42, and 48 hpi and in
another experiment at 0, 2, 5, 7, 8, 10, 12, and 24 hpi. Enu-
meration of the bacteria showed that K56-2 was not killed after
microinjection into the blood circulation of the embryos;
rather, all bacteria survived in the host (Fig. 3). K56-2 began to
replicate 6 to 8 h after infection, and the numbers of bacteria
at the time of death of the embryos were high.

We also followed the fate of microinjected bacteria in real
time by fluorescence microscopy. The progression of the infec-
tion was visualized by examining individual embryos at differ-
ent time points after infection (a representative embryo is
shown in Fig. 4A). At the cellular level, K56-2 was taken up by

phagocytic cells circulating in the blood, anchored to the wall
of the blood vessels, or wandering in the yolk sac circulation
valley (Fig. 4C). Most circulating cells settled very quickly after
uptake of bacteria, and they often seemed to attract other cells.
Within 4 to 5 h the majority of the bacteria circulating freely in
the blood (even with higher infection doses up to 500 to 1,000
CFU) had been taken up by phagocytic cells. Unlike for E. coli,
which was phagocytosed and killed within 4 to 5 h, as indicated
by the presence of diffuse red fluorescence without clear bac-
terial morphology (Fig. 4B), microscopic analysis of K56-2-
infected embryos confirmed the data obtained in enumeration
assays (Fig. 3) showing that bacterial multiplication began be-
tween 6 and 8 hpi (Fig. 4D and E). In these experiments we
used very small inocula (
10 CFU), which ensured that cells
originally phagocytosed only one or two bacteria. The bacteria
seemed to replicate in membrane-bound vacuoles. By 15 hpi,
some cells were packed with bacteria, often clearly visible in
vacuoles (Fig. 4F), and generally at this stage no freely circu-
lating bacteria were detected in the blood. The very small
inoculum ruled out the possibility that these infected cells were
the result of engulfment of large numbers of intravenously
injected bacteria, and thus the results clearly demonstrated
that there was intracellular replication within phagocytes.

Single infected cells were observed to be moving in the
bloodstream at different times during infection, showing occa-
sional spread to other locations. Interestingly, infected cells
often (but not always) attracted other, noninfected host cells
and formed cell aggregates (Fig. 4G, I, and J). From 15 to 20
hpi on, local spreading was observed, initially mainly within the
cell aggregates that formed. Although occasionally bacteria
had reentered the blood circulation at his point, the highly
infected cells did not lyse. Currently, we do not know the
precise mechanism of spreading; however, from the onset of
dissemination, single bacteria were often observed to be close
to infected cells, also in embryos infected with only a few
bacteria, and at the periphery of cells (Fig. 4H). We found no
evidence for formation of apoptotic blebs, like those recently
described for Leptospira interrogans infection (15), suggesting
that the bacteria had apparently actively escaped from vacu-
oles of the infected cells. From this time on, dissemination of
bacteria to neighboring cells in the aggregates was followed by
intracellular replication (Fig. 4I and J). Sometimes the aggre-

FIG. 2. Different Bcc strains show distinct levels of virulence in
zebrafish embryos, reflecting clinical information. Embryos were mi-
croinjected with B. cenocepacia K56-2 (134 CFU), B. cepacia CEP509
(114 CFU), B. stabilis LMG14294 (62 CFU), and B. vietnamiensis
FC441 (234 CFU). One subgroup was used to determine bacterial
multiplication, and another subgroup was used to determine mortality
rates. (A) Bacterial multiplication within embryos. The data are geo-
metric means 	 standard errors of the means (n � 5). The bacterial
loads of K56-2 at 24 hpi and 48 hpi were significantly greater than
those of CEP509 (P � 0.002 and P � 0.09), LMG14294 (P � 0.001 and
P � 0.005), and FC441 (P � 1.0 � 10�5 and 1.5 � 10�6). CEP509 was
significantly more virulent than LMG14294 and FC441 at 24 hpi (P �
0.01 and 0.0002, respectively) and at 48 hpi (P � 0.002 and 8.3 � 10�5,
respectively). (B) Embryo survival following infection with Bcc strains
(n � 20 for each strain).

FIG. 3. K56-2 survives in zebrafish embryos and starts to replicate
between 6 and 8 hpi. Embryos were microinjected with B. cenocepacia
K56-2 (61 CFU in experiment 1 [exp1] and 25 CFU in experiment 2
[exp2]). The data are geometric means 	 standard errors of the means
(n � 5).
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gates were shed from the embryo (Fig. 4G). At this time,
infection also became bacteremic with extracellular multipli-
cation. Occasionally, K56-2 formed extracellular aggregates in
the vessels (Fig. 4K), as described above. By 24 hpi, host tissue
deformation started to become visible, and at later stages host
cells were massively shed from the embryos (Fig. 1E and 4A, 46
hpi), which may have been induced by a high inflammatory
response and cell death. By 48 hpi (depending on the infection
dose) the embryos had finally succumbed to the invading
pathogen.

B. cenocepacia survives and replicates inside macrophages.
In CF patients, bacterial infections coincide with massive neu-
trophil infiltration in the inflamed lungs, and B. cenocepacia
has been detected inside neutrophils, as well as inside alveolar
macrophages in the lungs of patients (62, 72). In zebrafish,
primitive macrophages are the first leukocytes that appear,
invading embryonic tissues after their differentiation. They
have been shown to be actively involved in phagocytosis of
microinjected bacteria as early as 28 h postfertilization (hpf)
(23, 81). Neutrophilic granulocytes start appearing at 33 to 35
hpf and have been shown to phagocytose P. aeruginosa and
Staphylococcus aureus (3, 56); at 2 days postfertilization (dpf)
neutrophilic granulocytes are mature, and they are the major
leukocyte type (38). In this study, the morphology of the cells
(large cells with vacuolated cytoplasm) that engulfed Bcc, their
amoeba-like movements, and the presence of vacuoles con-
taining methylene blue taken up from the medium (38) sug-
gested that the majority of Burkholderia-engulfing cells were
macrophages (data not shown).

To determine more precisely whether B. cenocepacia is in-
deed phagocytosed mainly by macrophages, we first performed
coinfection studies with high doses (500 CFU) of two bacteria
that were labeled differently: E. coli (GFP), which was shown
to be ingested primarily by macrophages by several groups of
workers (23, 50, 81), and B. cenocepacia (DSRed). B. cenoce-
pacia was taken up by the same phagocytic cells as E. coli (Fig.
5A to C).

Next, we performed fluorescence in situ hybridizations
(FISH) with macrophage-specific colony-stimulating factor 1
receptor (csf1R) and neutrophil-specific myeloperoxidase
(mpx) riboprobes (22, 50) in K56-2-infected embryos. At 5 hpi,
B. cenocepacia, which was detected with B. cenocepacia-specific
antibodies, was colocalized with csf1R-positive cells (Fig. 5D
and E). Although mpx-positive cells have been shown to ingest
bacteria as early as 32 hpf (3, 56), using FISH we found no
evidence that neutrophils were actively involved in phagocytosis
of B. cenocepacia in this model (data not shown). FISH colocal-
ization studies at 24 hpi, just prior to bacterial dissemination, also
produced no evidence that there was colocalization of K56-2 with
neutrophils; in fact, neutrophils seemed to be present in a differ-
ent tissue layer than the infected cells (Fig. 5F and G).

To more accurately determine the role of neutrophils
in phagocytosis, we used a transgenic reporter fish line,
Tg(mpx::eGFP)i114, that specifically expresses GFP in neutro-
phils (57). After microinjection of high doses (�500 CFU) of
DSRed-expressing K56-2 into 30-hpf embryos, we monitored
the bacteria in live embryos using fluorescence microscopy.
Shortly after microinjection, most bacteria were found to con-
centrate in GFP-negative cells (Fig. 5H and I), in line with our
previous findings showing that macrophages are the major

phagocytosing population. However, use of the transgenic
zebrafish revealed that K56-2 bacteria were sometimes also
ingested by GFP-expressing cells (Fig. 5I), although the num-
ber of ingested bacteria was low (1 to 5 bacteria) compared to
the number of bacteria taken up by macrophages. Although
neutrophils were recruited to wounded tissue at the site of
microinjection, they did not seem to phagocytose more bac-
teria at these sites. We did not observe degradation of bacteria
like that observed for E. coli (Fig. 4B), which was visualized as
a diffuse red signal in GFP-expressing cells, indicating that Bcc
bacteria survive killing by zebrafish neutrophils. As granulo-
cytic neutrophils start appearing around 33 hpf and are not
fully mature at this time, we infected older (50 hpf) embryos
containing many granulocytic neutrophils in a similar way. The
neutrophils in these older embryos behaved like those in in-
fected 30-hpf embryos (data not shown). At 18 hpi, some of the
GFP-expressing cells (20 to 30%) were observed to contain
one or a few bacteria, suggesting that Bcc cells survive inside
neutrophils (Fig. 5J) without replicating.

Together, our data show that macrophages form the main
phagocytosing population of cells after intravenous infection of
young zebrafish embryos with Bcc and that macrophages are
the site of intracellular replication.

Quorum sensing is important for virulence in zebrafish
embryos. The expression of many virulence factors has been
found to be controlled by the cepIR-encoded N-acyl homo-
serine lactone-dependent quorum-sensing system. A func-
tional CepIR quorum-sensing system has also been shown to
contribute to the severity of B. cenocepacia infections in rat
and cftr�/� mouse models (71). We found that a B. cenocepacia
K56-2 cepR mutant, R2 (39), was significantly attenuated com-
pared to its parent (Fig. 6A). The bacterial loads in infected
embryos either increased slightly or remained constant. Sur-
vival assays also showed that the cepR mutant was highly at-
tenuated and generally did not kill embryos (Fig. 6B). Occa-
sionally, an embryo infected with the cepR mutant succumbed
to infection, but only at very late times (�7 days) (data not
shown). The complemented mutant showed restoration of vir-
ulence to the cepR mutant in both assays (Fig. 6A and B).

Real-time visualization of infected embryos clearly showed
the attenuated phenotype (compare Fig. 4L to Fig. 4A). In
contrast to the findings for K56-2, some of the cepR mutant
bacteria were unable to resist killing by macrophages, while
others were able to survive intracellularly for longer time pe-
riods (more than 24 h). Occasionally, infected cells in which
the mutant replicated to wild-type levels were observed; how-
ever, the bacteria did not disseminate efficiently (data not
shown). In transgenic mpx-GFP embryos infected with the
cepR mutant, the phagocytic behavior of macrophages and
neutrophils was similar to the phagocytic behavior observed
with wild-type bacteria (data not shown).

Our findings with zebrafish embryos suggest that the factors
regulated by the CepIR system are required for efficient intra-
cellular replication and dissemination.

DISCUSSION

Zebrafish as a novel model to study the involvement of host
and pathogen determinants in B. cepacia complex infections.
This study demonstrates that the zebrafish embryo is an excit-
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FIG. 4. Real-time visualization of K56-2 infection showing intracellular replication, dissemination, and bacteremia. (A and C to L) Real-time
analysis by fluorescence microscopy of embryos infected with K56-2 (A and C to K) and a cepR mutant (L) expressing DSRed. (A and L)
Fluorescence images taken at 30 min to 46 hpi of two embryos (lateral view, anterior side to the left) infected with �175 CFU of K56-2 (A) or
�130 CFU of cepR (L). For 0.5 hpi and 46 hpi corresponding bright-field images are included. The embryo infected with K56-2 was dead at 46
hpi. Scale bar, 300 �m. (B and B
) Fluorescence image (B) and fluorescence and bright-field overlay image (B
) of an embryo inoculated with 500
CFU E. coli, at 2 hpi. A macrophage in the yolk sac valley containing bacteria is shown. Three vacuoles with degraded E. coli are distinguished
by the diffuse red signal and the round small vacuole, in contrast to the large E. coli bacteria (the arrowhead indicates one of the three
phagolysosomes). Scale bar, 10 �m. (C) Zebrafish embryo inoculated intravenously with �500 CFU K56-2: overlay of fluorescence and DIC images
showing a phagocytic cell 30 min after infection, anchored to the side of a blood vessel that has a single K56-2 bacterium adhered to it or taken
up. Two erythrocytes (arrowhead) are attached to the macrophage. The two red lines (one indicated by a horizontal arrow) are bacteria moving
in the blood circulation at the time of image acquisition. In the left corner is an out-of-focus phagocytic cell with engulfed bacteria. Scale bar, 10
�m. (D and E) Embryos were inoculated with 5 to 10 CFU of K56-2. The DIC and fluorescence overlay images obtained at 9 hpi show B.
cenocepacia-containing phagocytic cells that initially took up one or two bacteria. The inset in panel E shows the fluorescence image. Scale bars,
10 �m. (F) Fluorescence and DIC overlay image taken at 23 hpi, showing a highly infected cell in the tail region (rostral side to the right, dorsal
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ing new animal model to study virulence mechanisms of Bcc
species. In this model, virulent B. cenocepacia bacteria are
taken up primarily by host macrophages. Based on results
obtained with very small intravenous inocula, we concluded
that individual bacteria, after internalization and an initial 6- to
8-h adaptation phase, replicated in vacuolar compartments of
macrophages and then disseminated by a mechanism that in-
volved nonlytic release, leading to systemic infection and death
of the embryos. B. cenocepacia strains belonging to the epi-
demic ET12 lineage were highly virulent. However, other clin-
ical Bcc isolates and a K56-2 cepR mutant were far less viru-
lent, showing that the innate immune system of the embryos is
sufficiently developed to control infection with some Bcc
strains.

Recent data from several laboratories indicate that both the
macrophage and neutrophil responses in young zebrafish em-
bryos are pathogen specific and parallel those in human infec-
tion (3), illustrating the benefit of using the zebrafish model to
study the role of immune cells in infection. P. aeruginosa and S.
aureus are phagocytosed by both primitive neutrophils and
macrophages (3, 56), whereas primitive neutrophils, although
highly attracted to sites of infection, were shown to be only
marginally involved in phagocytosis of E. coli, Salmonella en-
terica serovar Typhimurium, or Mycobacterium marinum (11,
38, 50). Using three different experimental approaches, coin-
jection of E. coli and B. cenocepacia labeled with different
colors, FISH, and zebrafish embryos displaying neutrophil-
specific expression of GFP, we showed that macrophages are
the major cell population that phagocytoses Bcc. Bcc isolates
have been shown to be able to survive intracellularly within
macrophages and amoebae in vitro and to replicate in respira-
tory epithelial cells, although the situation in human infection
is unclear (for a review, see reference 66). Here we visualized
Bcc survival and efficient replication in macrophages of
zebrafish embryos, which provide a novel animal model for
studying the capacity of intracellular Bcc to redirect matura-
tion of the phagosome and create an intracellular replication
niche. It will be interesting to learn how Bcc bacteria are able
to replicate efficiently in this model, compared to their survival
or minimal replication in in vitro cell culture models.

Real-time visualization of K56-2 infection in mpx-GFP
transgenic embryos revealed that a small percentage of neu-
trophils also phagocytosed intravenously introduced K56-2 but
that the number of ingested bacteria was low compared to the
number of bacteria ingested by macrophages. We found no
evidence of bacterial degradation, suggesting that K56-2 can
evade killing by neutrophils after phagocytosis in this model.
This finding contrasts with results obtained using neutrophils

in vitro and gp91phox�/� mice (a mouse model of chronic gran-
ulomatous disease [CGD]) and results obtained for CGD pa-
tients, which showed that neutrophils play an important role in
the host defense against Bcc requiring NADPH phagocyte
oxidase (5, 17, 72, 73). Bcc, however, appears to be able to
resist the massive influx of neutrophils in CF lungs, one pos-
sible explanation for which is compromised production of re-
active oxygen species (ROS) (72), and in the mouse cftr�/�

model recruited neutrophils exhibited minimal evidence of
activation (63). In young zebrafish embryos, it is possible that
the immature granulocytic neutrophils lack specific defense
mechanisms that are needed to counteract K56-2. ROS pro-
duction, for instance, was not detected in embryos up to 48 hpf
but was detected in older embryos (24), and this could explain
the ability of K56-2 to survive in such neutrophils. Also, at this
point we cannot exclude the possibility that there are strain-
dependent effects on the efficiency of phagocytosis and neu-
trophil killing. Although we observed a minimal role for neu-
trophils in phagocytosis of intravenously introduced K56-2
during early stages of infection, our preliminary data obtained
with mpx-GFP reporter fish show that once bacterial dissemi-
nation begins and tissue inflammation is apparent, neutrophils
are recruited to infected sites. The massive neutrophil infiltra-
tion seen in the lungs of CF patients is not mimicked in zebra-
fish; however, in future studies it will be of great interest to
determine how K56-2 is able to avoid neutrophil phagocytosis
and killing in this model and to employ zebrafish embryos and
older larvae to study the role and competence of neutrophils at
different developmental stages during Bcc infection.

Interestingly, the role of phagocytes after infection of
zebrafish embryos with P. aeruginosa, the most common CF
pathogen, seems to differ from their role described here after
infection with Bcc. Unlike Bcc, P. aeruginosa is phagocytosed
and rapidly killed by both macrophages and neutrophils, and
zebrafish embryos are relatively resistant to intravenously in-
jected P. aeruginosa (3, 10). These findings are not inconsistent
with the possibility that in the neutrophils of very young
zebrafish the oxidative response may be insufficiently devel-
oped to kill Bcc, as it has been shown that neutrophils from
CGD patients can kill P. aeruginosa by nonoxidative defense
mechanisms, whereas Bcc can resist nonoxidative stress (73).
The differences between the two CF pathogens may play a role
in the increased severity of the disease due to infection with
Bcc compared to the disease due to infection with P. aerugi-
nosa in the zebrafish model.

Revolutionary work using the zebrafish-Mycobacterium
model provided evidence that tuberculous granulomas, which
were long considered to be host-protective structures, actually

side up) in which bacteria are clearly present in a membrane-bound vacuole. Scale bar, 10 �m. The inset shows a DIC image. (G) Fluorescence
and bright-field overlay image of an infected embryo (rostral side to the right, dorsal side up) at 26 hpi, showing budding of infected cells near the
pericardium. Scale bar, 100 �m. (H) Representative DIC and fluorescence overlay image after embryos were inoculated with 5 to 10 CFU of K56-2,
showing a cell at 24 hpi that is packed with bacteria and a single bacterium apparently “escaping” from the vacuole. The inset shows the
fluorescence image. Scale bar, 10 �m. (I) DIC and fluorescence overlay image of a cell aggregate with Burkholderia-containing cells that formed
in an embryo infected with 50 CFU K56-2, at 24 hpi. Scale bar, 50 �m. (J) DIC and fluorescence overlay image of a cell aggregate that formed
in an embryo inoculated with 5 to 10 CFU of K56-2, at 28 hpi. At this point in infection bacteria had already spread from the initially infected
macrophage to neighboring cells in the aggregate. Scale bar, 10 �m. (K) Bright-field and fluorescence overlay image of an intersegmental blood
vessel in the tail, showing formation of extracellular bacterial aggregates. Scale bar, 50 �m. (L) Fluorescence and bright-field images of embryos
inoculated with cepR mutant R2 (see above).
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FIG. 5. B. cenocepacia is taken up mainly by macrophages, and there is minimal phagocytosis by neutrophils. (A to C) Simultaneous
microinjection of high doses (�500 CFU) of E. coli expressing GFP and B. cenocepacia K56-2 expressing DSRed was followed by engulfment of
both bacterial species by the same cell type, at 0.5 hpi. (A) Fluorescence image overlay showing overview of colocalization of E. coli (green) and
K56-2 (red) in the yolk sac circulation valley, at 0.5 hpi. Scale bar, 50 �m. (B and B
) DIC close-up image of phagocytic cell at 1 hpi (B) and DIC
and fluorescence overlay image of the same cell (B
) with E. coli (green) and K56-2 (red) adhering to or engulfed by the cell. Scale bar, 10 �m.
(C) Fluorescence image of a phagocytic cell with E. coli (green) and K56-2 (red). Scale bar, 10 �m. (D and E) Colocalization of FISH signal (red)
with macrophage-specific riboprobe cfs1R and an immunolabeling signal for B. cenocepacia (green), at 5 hpi. Scale bar, 10 �m. The inset in panel
E is an enlarged fluorescence image (green filter). (F and G) FISH using a neutrophil-specific mpx riboprobe (red signal) and an immunolabeling
signal for B. cenocepacia (green), at 24 hpi. The images are two images of the same embryo (rostral side to left, dorsal side up) but in different
focal planes. (F) The microscope was focused on the B. cenocepacia-containing cells, and mpx-stained cells are not in focus. (G) The microscope
was focused on mpx-positive cells, and B. cenocepacia containing cells are not in focus. Scale bar, 100 �m. (H to J). K56-2 (�500 CFU) infection
of Tg(mpx::eGFP)i114 embryos at 30 hpf. (H) From left to right, images of the embryo sac taken with the red channel, the green channel, green
and red overlay, and fluorescence-DIC overlay. Cells in the embryo sac valley at 3 hpi that have taken up many DSRed-expressing bacteria do not
colocalize with mpx-GFP-expressing neutrophils. Scale bar, 50 �m. (I) Close-up image of individual fluorescence and overlay (combined
fluorescence and DIC) images showing mpx-GFP-expressing neutrophils and K56-2 at 3 hpi. The inset is an enlargement of a neutrophil that has
taken up a DSRed-expressing bacterium, indicated by an arrowhead. The arrows indicate non-GFP-fluorescing cells containing multiple DSRed-
expressing bacteria. Scale bar, 10 �m. (J) Fluorescent overlay images showing six individual GFP-expressing neutrophils, at 18 hpi. About 20 to
30% of the cells with GFP fluorescence contained one or a few bacteria (arrowheads). The arrows indicate nonfluorescent cells containing bacteria.
Scale bar, 10 �m.
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contribute to early multiplication and spread of bacteria (16).
We found that B. cenocepacia-infected macrophages attracted
other, noninfected cells and formed cell aggregates. However,
individual infected macrophages not in cell aggregates were
also observed. Currently, we do not know which cells are
present in the aggregates or whether the cell aggregates are
specific for the zebrafish-Burkholderia interaction. Our micro-
scopic observations showed that the infected cells, either indi-
vidually or in aggregates, did not lyse when they were heavily
infected with bacteria; rather, bacteria seemed to actively es-
cape from the replicative vacuoles into neighboring cells. Entry
and exit are important steps in the life cycle of intracellular
bacteria, yet little is known about the mechanisms used by
intracellular bacteria to escape from host cells once their in-
tracellular replication cycle is finished. There is recent evi-
dence indicating that the escape of microbes is directed by the
pathogen itself and that in many cases the host cell remains
intact (27). Unlike Listeria monocytogenes and Burkholderia
pseudomallei, two species that use actin-based protrusions as
an exit strategy, B. cenocepacia does not escape rapidly from
phagosomes to replicate in the cytoplasm. Several exit strategies
have been described for intracellular bacteria that replicate in a
protected vacuole. L. pneumophila uses pore formation-mediated
cytolysis to egress from mammalian and protozoan cells (52),
whereas Chlamydia escapes by a mechanism that was called “ex-
trusion” and was shown to require actin polymerization, neuronal
Wiskott-Aldrich syndrome protein, myosin II, and Rho GTPase
(26). Very recent evidence showed that Mycobacterium uses a
mechanism involving nonlytic ejection from infected amoebae,
using an actin-based structure which was called the ejectosome
(21). It will be interesting to study in more detail whether bac-
terial exit and dissemination contribute to the fatal infections
resulting from septicemia seen in some CF patients and whether
they contribute to the severity of the disease.

In addition to being used to study the intracellular stages of
Bcc and the involvement of host factors, the zebrafish can be
used to study the genetics of Bcc virulence. Genes encoding
many Bcc virulence factors are regulated by quorum sensing

via the CepIR proteins. A cepR mutant was attenuated in
nematodes (32) and in mice, in which the cepIR system was
suggested to contribute to virulence, probably by regulating
production of virulence factors involved in invasion (71). In
zebrafish embryos a cepR mutant was strongly attenuated; its
ability to create an intracellular replication niche and dissem-
inate was highly impaired. Our data show that virulence factors
regulated by CepI/R quorum sensing are also essential for full
virulence in zebrafish embryos. It will be interesting to identify
the specific quorum-sensing-regulated virulence factors that
are involved in virulence in this model (79).

Investigating the molecular basis of the highly variable vir-
ulence of Bcc. Significant differences were seen between iso-
lates that were described as clonal isolates (44); K56-2 was
significantly more virulent than J2315 and BC7. For all of the
ET12 lineage, a major difference between the strains is that
K56-2 has smooth lipopolysaccharide (LPS), whereas J2315
has been shown to have an insertion element in the wbxE gene
of the O-side chain polysaccharide biosynthesis gene cluster
(54). A similar difference in virulence between K56-2 and
J2315 was described previously using the nematode model.
Although in nematodes LPS did not seem to contribute to this
difference (6), whether the difference in LPS contributes to the
observed differences in virulence in the fish model remains to
be determined. The differences between clonal isolates were
also detectable in the rat chronic infection model and the
alfalfa model (1).

Bcc strains are ubiquitous in the environment, and, for a
clinician, knowing the pathogenic potential of a strain isolated
from a CF patient would be a great help in the management of
the disease. Unfortunately, the assignment of environmental or
clinical strains to a species does not predict the potential
pathogenicity (6). We analyzed the virulence of a panel of Bcc
clinical isolates. B. cenocepacia J415, which was associated with
the first United Kingdom report of cepacia syndrome but was
not involved in patient-to-patient spread (18), was much less
virulent in the zebrafish model than the highly transmissible
ET12 strains. J415 (� LMG16654) also has reduced virulence

FIG. 6. K56-2 cepR mutant is highly attenuated in virulence: infection kinetics (A) and survival assay results (B) for wild-type strain K56-2, cepR
mutant R2, and the cepR mutant complemented with pSLR100. (A) The average numbers of microinjected bacteria were 39 CFU (K56-2), 77 CFU
(cepR), and 8 CFU (cepR mutant complemented with pSLR100). The data are geometric means 	 standard errors of the means (n � 5). The
growth of the mutant differed significantly from the growth of the wild-type parent at 24 hpi (P � 0.0015) and at 48 hpi (P � 1.3 � 10�6) and from
the growth of the complemented mutant at 48 hpi (P � 0.0007). (B) Embryo survival following infection with Bcc strain K56-2 (31 CFU), strain
R2 (83 CFU), and complemented strain R2 (16 CFU) (n � 20 for each strain).
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in rats, in which it infected a relatively small number of animals
compared to ET12 strains (55). B. cepacia CEP509, which was
transmitted among 4 patients in an Australian clinic (43), was
virulent in the zebrafish model. This strain was also highly
virulent in alfalfa and rats, although it was not highly virulent
in nematodes (1, 6, 9). Two other strains, B. stabilis LMG14294
and B. vietnamiensis FC441, were significantly less virulent in
zebrafish embryos than ET12 strains and CEP509. LMG14294
was isolated from a Belgian CF patient, and, although an
identical isolate was recovered from a second patient, neither
patient developed a lethal infection; similarly, FC441 was iso-
lated from a 9-year-old CGD patient who survived septicemia
(44). FC441 was described previously as an isolate that is not
invasive in a cell infection model (9), although its virulence was
relatively high in the nematode, alfalfa, and rat models. B.
stabilis LMG14294, in contrast, was highly attenuated in the
nematode, alfalfa, and rat models.

Visualization of LMG14294 and FC441 in zebrafish embryos
clearly showed that the abilities of these bacteria to replicate
and spread were highly impaired, suggesting that virulence is
correlated with the ability to survive host killing mechanisms,
create intracellular replication vacuoles, and then disseminate.
This is in agreement with previous suggestions that factors such
as intracellular survival and the capacity to be highly invasive
contribute to the severity of the disease (59, 62, 63). The
finding that these strains persisted for longer periods of time in
some of the infected embryos at a controllable level suggests
the development of a chronic infection, and we will analyze this
by performing infection experiments over longer periods of
time. Some embryos, however, developed a severe infection
with the same strains, showing that any Bcc strain has the
potential to produce a serious infection.

Concluding remarks. The zebrafish is a genetically tractable
system and should be instrumental in answering several fun-
damental questions concerning the molecular mechanisms of
Bcc virulence, specifically questions concerning the intracellu-
lar stages and early innate immune responses. The tools avail-
able for the zebrafish model should allow us to study the effects
of host factors, including CFTR, on infection and the innate
immune response in the absence of an adaptive system in the
embryos. Bacterial mutants already defined using other sys-
tems can be easily analyzed in this model, and the use of a
signature-tagged mutagenesis strategy in zebrafish should al-
low identification of specific bacterial virulence factors (31).
There is a pressing need to develop novel microbiological tools
and infection models to advance research on this bacterium to
elucidate, in combination with clinical studies, the pathogenic
mechanisms and to develop effective therapies.
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